Objective: To study the contribution of a normal intake of nutrients to the variability of serum leptin concentrations in persons with type 1 diabetes mellitus. Design: We studied the relation between serum leptin and nutrient intake in a cross-sectional study. Methods: Serum leptin measured by radioimmunoassay, nutritional data determined by a selfadministered 7-day nutritional questionnaire, and the fatty acid composition of the serum phospholipids (measured by thin layer chromatography and gas chromatography) were determined in 60 patients with type 1 diabetes mellitus. Correlation and regression analyses were performed between serum leptin and dietary fatty acids and serum phospholipid fatty acids. Results: In the prediction models for the concentrations of serum leptin in men with type 1 diabetes mellitus, the dietary fatty acids displaced the anthropometric variables, and were independent of the serum testosterone concentrations. This fact remained when the prediction was made on the basis of indirect markers of the intake, such as the serum phospholipid fatty acids. In the women, the fatty acids from the diet or from the serum phospholipids also partly explained the variation in serum leptin, although not displacing the anthropometric variables. Conclusions: Our data suggest that, in non-experimental conditions, the concentrations of serum leptin in men with type 1 diabetes mellitus and, to a lesser extent, those in women with diabetes, may be influenced by the composition of the habitual diet, especially the type of dietary fat.
Introduction
Leptin, a protein secreted by the adipocytes, is increasingly being shown to have a central role in the signalling pathway between the accumulated energy in fatty tissue and the hypothalamus. In the steady state, most of the variability in the serum leptin concentrations can be explained by the amount of body fat (1) . However, this powerful dependence of leptin on total adiposity may mask the influence on leptin concentrations of several other factors such as diet, sex steroids or insulin concentrations. Numerous studies have examined the influence of serum insulin on leptin concentrations during euglycemic-hyperinsulinemic clamps (2, 3) , in the general population (4, 5) , and in patients with type 2 diabetes mellitus (6) . Studies of leptin in type 1 diabetes mellitus, however, are rare.
Low insulin concentrations in streptozotocin-induced diabetic rats are related to low concentrations of ob mRNA in epididymal fat tissue, the infusion of insulin over 3-4 h increasing the concentrations of ob mRNA in adipocytes (7) . In one clinical study in children with type 1 diabetes mellitus, there was a positive correlation between leptin concentrations and insulin dose (8) , but in others this relationship was not found (9, 10) . The influence of sexual dimorphism on serum leptin concentrations is well known (1) . In men, some studies have found a negative correlation between concentrations of leptin and plasma testosterone (11) , whereas others have not found this correlation (12) . Some studies have suggested that, during weight loss, diets rich in carbohydrate and low in fats are more effective (13) , because leptin concentrations are reduced less by dietary carbohydrate than by fats (14, 15) , although others have failed to find this relationship (16) . A negative relationship between leptin concentrations and absolute intake of calories, carbohydrate, and fats was found in non-obese persons during a usual diet, although not when the nutrients were expressed in relation to calorie intake (17) . Recent studies also suggest the role of n-3 fatty acids in the regulation of the expression of the leptin gene in intra-abdominal adipose tissue (18) .
The long term effect of diet on serum leptin concentrations is, however, less well-known, and in patients with type 1 diabetes mellitus the role of the usual diet on serum leptin concentrations is poorly understood. We therefore studied the relationship between serum leptin concentrations and protein and calorie intake, with special attention to the dietary fatty acids, in order to investigate the contribution of a normal intake to the variability of serum leptin concentrations in persons with type 1 diabetes mellitus. 
Materials and methods

Analytical procedures
Serum leptin was measured by radioimmunoassay (19) (Human Leptin RIA, Mediagnost, Tü bingen, Germany; limit of detection 0.04 ng/ml, interassay coefficient of variation <8%). HbA 1c (reference range 4.0-6.0%) was measured by high performance liquid chromatography (20) and testosterone by radioimmunoassay (Orion Diagnostica, Epsco, Finland). The serum phospholipids were separated by thin layer chromatography and the methyl esters of the phospholipid fatty acids by gas chromatography (fused-silica column of 0.53 mm diameter × 25 m × 0.5 mm). A validated self-administered 7-day nutritional questionnaire was completed by all the patients and reviewed personally by one of the investigators (21, 22) . The transformation to nutrients was made using a computer program that includes composition tables for food from different sources (23) (24) (25) (26) .
Statistical analysis
Hypothesis contrast between groups was made by Student's t-test, and the association between continuous variables with Pearson's correlation coefficient (r) and different models of multiple regression, following a stepwise procedure, in order to analyse the contribution of the different nutritional and anthropometric variables to the variance in leptin concentrations. Data are expressed as the mean Ϯ standard deviation, with P < 0.05 considered to be significant.
Results
Leptin concentrations were greater in the women than in the men (7.8 Ϯ 2.6 ng/ml compared with 3.4 Ϯ 0.8 ng/ml, P < 0.001; Table 1 ). There were no significant differences between men and women in age, age at diagnosis of diabetes, number of years evolution of the disease, BMI, hip circumference, dose of insulin per kg, or HbA 1c (Table 1) As expected, the daily calorie intake in men with type 1 diabetes mellitus was greater than that in women (P < 0.0001) ( Table 2 ), but there were no statistically significant differences between men and women in the distribution of macronutrients corrected for daily calorie intake. There were no significant differences between men and women in the fatty acid composition of the plasma phospholipids (Table 3) . Although there was a positive correlation between serum leptin (expressed as the natural logarithm of serum leptin concentrations) and both BMI and WHR in the patients, the correlations were statistically significant only for the women (r = 0.36, P = 0.03 and r = 0.54; P = 0.02 respectively). The greatest correlation coefficient with serum leptin concentrations was with the suprailiac fold in diabetic men (r = 0.61, P = 0.001) and the subscapular fold in the women (r = 0.48, P = 0.001) ( Table 4 ). There was no significant correlation between serum leptin and total daily dose of insulin or daily dose of insulin per kg in either the men or women. There was no correlation between serum leptin concentrations and plasma testosterone in the male patients.
In the men with diabetes, the serum leptin concentration correlated significantly with the intake of saturated fat, both in absolute values (r = 0.49, P = 0.02) and in proportion to total dietary calories (r = 0.48, P = 0.02; data not shown). In these patients it also correlated positively with the stearic acid of the plasma phospholipids (r = 0.55, P = 0.01) and negatively with the eicosapentaenoic acid (r = ¹0.44, P = 0.04) and with the sum of the n-3 fatty acids from the plasma phospholipids (r = ¹0.48, P = 0.02) ( Table 5 ).
In the female patients with diabetes, the serum leptin concentration correlated positively with the linoleic acid (18:2 n-6) from the serum phospholipids (r = 0.47, P = 0.005) and negatively with the arachidonic acid, C20:4(n-6) (r = ¹0.41, P = 0.01) and the arachidonic acid:linoleic acid ratio (r = ¹0.63, P = 0.001) of the serum phospholipids (Table 5) .
In a multiple regression model, sex, age, and WHR accounted for 62% of the variance in serum leptin (log leptin) (P = 0.0001), adjusted for BMI, dose of insulin/ kg per day, HbA 1c , and the daily intake of fatty acids. Separate analyses for the men and the women showed that intake of palmitic acid accounted for 42% of the variance in serum leptin (log leptin) (P=0.007) in the men, and the WHR and intake of docosahexaenoic acid 0.14 Ϯ 0.16 0.10 Ϯ 0.08 EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. * P < 0:05, ** P < 0:01, *** P < 0:001 between sexes. Significant correlations: * P < 0:05, ** P < 0:01.
(DHA; g/day) accounted for 42% of the variance in leptin (P = 0.00001) in the women. When, instead of the dietary fatty acids, we controlled the effect of serum phospholipid fatty acids and grouped all the patients together, then sex, WHR and the serum phospholipid fatty acids accounted for a total of 74% of the variance in serum leptin. Separate analysis by sex showed that, in men, the proportion of stearic acid in the plasma phospholipids accounted for up to 35% of the variance in serum leptin (P = 0.00001), displacing the anthropometric variables; in women, the arachidonic : linoleic acid ratio and WHR accounted for 35% of the leptin variance (P = 0.00001).
Discussion
This study showed that, in patients with type 1 diabetes mellitus, leptin concentrations were related to the type of dietary fatty acid, although there was no correlation with dose of insulin.
The two most important parameters accounting for variation in leptin concentrations are sex and the amount of body fat (1). In our study, the leptin concentrations in the women were more than twice those in the men, despite the women having BMI values similar to those in the men. BMI is a good marker of overall obesity, but not of other related aspects, such as fat distribution. Some studies have shown that the increase in weight in adolescents with type 1 diabetes mellitus is accompanied by an increase in intramuscular, but not other fat depots, in contrast to type 2 diabetes mellitus, in which treatment with insulin is associated with an increase in body fat and in the upper distribution of the fat (27, 28) . In fact, the linear correlation coefficients (Pearson's r) in our study between leptin and WHR were greater than the linear correlation coefficients between leptin and BMI.
Numerous studies have reported the importance of the sex steroids to account for the different leptin concentrations according to sex, and the existence of a negative correlation between testosterone concentrations and serum leptin concentrations in men (29, 30) , although others suggest that, in men, sex hormones are not important independent modifiers of leptin concentrations (12). Tuominen et al. (10) found a negative correlation between leptin and testosterone in a study of male patients with type 1 diabetes, but not in controls. We also failed to find a correlation between leptin concentrations and testosterone in the men with type 1 diabetes.
Several studies have revealed an association between insulin and leptin, in both animals (31, 32) and humans (2, 3, 6, 33) , although others found no association between insulin and leptin in obese persons (5). In our study, carried out in type 1 diabetic adults, no relation was found between leptin concentrations and daily insulin dose or in the metabolic control. A recent study found that leptin concentrations correlated significantly with the insulin dose and HbA 1c in prepubertal children, but not during puberty (8) , although others did not find this correlation in children with type 1 diabetes mellitus followed from the onset of their diabetes and after several weeks of insulin treatment (9) . This lack of correlation between insulin dose and leptin concentrations was also noted by Tuominen et al. (10) in patients with type 1 diabetes mellitus.
We speculated that a possible explanation for the discordance found between studies might be the variation in the intake of nutrients. Dietary variables showing an association with leptin concentrations are duration of fasting (16) , and carbohydrate (2) or fat content (17) of the habitual diet. The diabetic patients included in our study followed a dietary regimen similar to that of the rest of the Spanish diabetic population (23) , with 45% of the calories coming from the intake of fat, of which almost 50% in men and 38% in women was from mono-unsaturated fats, because of the high use of olive oil.
In the prediction models for the concentrations of serum leptin in the group of men with type 1 diabetes mellitus, the dietary fatty acids even displaced the anthropometric variables, the association of which with serum leptin is well known, and were also independent of the plasma testosterone concentrations, in men. This displacement of the anthropometric variables in the models remained when the prediction was made on the basis of indirect markers of the intake, such as the plasma phospholipid fatty acids. In the women, the fatty acids from the diet or from the serum phospholipids also partly explained the variation in serum leptin, although not completely displacing the anthropometric variables.
Numerous studies have shown that leptin concentrations are related to the intake of nutrients. Fasting reduces leptin concentrations, independently of other metabolic factors (34) . In some animal models of obesity, a high-fat diet is followed by an increase in leptin (35) . Others have shown that, in animal models of obesity, a fat-rich diet may induce resistance to leptin administered peripherally, but not centrally (36) . In humans submitted to short-term calorie restriction, leptin concentrations correlated with the intake of carbohydrate, but not with that of fats (14) . However, long-term intake of fats, especially saturated fats, is associated with a greater risk of obesity. It has been suggested that this could be related to changes in the serum leptin concentrations regulating the satiation system at the central concentration (14, 17) . In a prior study in children, we found a close relationship between the size of the adipocytes during growth and the composition of adipose tissue fatty acids (37) . It is known that the lipolytic capacity can be modified by the fatty acid composition of the triglycerides (38) , and that there is a relationship between the lipolytic capacity of the adipocytes and the production of leptin (39) . Nevertheless, the mechanisms by which the dietary fatty acids modulate the secretion of leptin by the adipocyte are not well known. Raclot et al. (18) recently showed that the dietary n-3 polyunsaturated fatty acids, and especially DHA 22:3(n-3), modify the concentrations of leptin mRNA in the retroperitoneal, but not the subcutaneous, tissue of rats. In summary, our data suggest that, in non-experimental conditions, the concentrations of serum leptin in patients with type 1 diabetes mellitus may be influenced by the composition of the habitual diet, especially the type of dietary fat.
